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2.1 Self–consistent equation of motion for electromagnetic wave and electron
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2.2 Dispersion equation for electromagnetic wave coupled with electron beam
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2.3 Classical and quantum limits in synchronism conditions
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2.5 Starting current at a large quantum recoil
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2.6 Starting current in the classical regime of interaction
 
#  A# :
     
' 
# '% :
 ;.< # 
# 

k(1) = km − b(m)nn
∂2εn
∂p2n
k′2m
(ω − vnk′m)2
k(2,3) = kch ± i
vn
√
b
(m)
nn
∂2εn
∂p2n
k′2m
kch − k′m
. ;/<
' :
 
# 
 
 ie'  
# 

       3: ;/< A
#
N = 3 -%'  %

  
# 
 ' 
# 
 '
  
#  
Journal of Nanophotonics, Vol. 4, 041665 (2010)                                                                                                                                    Page 9
Downloaded from SPIE Digital Library on 07 May 2010 to 138.48.203.174. Terms of Use:  http://spiedl.org/terms
A

 
δjn ∼
3∑
i=1
ci
ν2i
, δjn − vnδne ∼
3∑
i=1
ci
νi
, ;E<
A# '
 νi     3: ;.< A
# 
# 
 
 

'  νi = 1 − k(i)vn/ω
"#    A
# 
# % 
 A 
 
#  

c1 + c2 + c3 = α
[
c1 exp
(
ik(1)L
)
+c2 exp
(
ik(2)L
)
+ c3 exp
(
ik(3)L
)]
,
c1
ν1
+
c2
ν2
+
c3
ν3
= 0 ,
c1
ν21
+
c2
ν22
+
c3
ν23
= 0 ,
;(<
' %'  
 :

ν21 (ν2 − ν3)
[
1− α exp(ik(1)L)]
−ν22(ν1 − ν3)
[
1− α exp(ik(2)L)]
+ν23(ν1 − ν2)
[
1− α exp(ik(3)L)] = 0 . ;.<
9  
# :
  
# A   
 A##  '
'  
# '
 k′′zL ≤ 1
"# 
  3: ;.< ;
# 
##' 
 ' 
# 
% 

 
<
   
b
(m)
nn
v2n
∂2εn
∂p2n
kL3
x cos x− sinx
x3
= 1− |α|+ Lk′′m , ;F<
ω′′m =
[
∂km
∂ω
]−1 [
b
(m)
nn
v2n
∂2εn
∂p2n
L2
x cosx− sinx
x3
−1− |α|
L
+ k′′m
]
;)<
A
# 
# %
 x 'in'  3: ;< & A  
#  :
 ;< ' ;F<
 
# :
 

   
# '
 %'
 % 
  
#  #
2' 

#  '%'  L A# 
# '%'  :'
  
#   
"#    '% '

 #  
# 
A   

 
 
# :



   
#  
 '     A##  
 ?F@ ' 
 
#

  %
 '  % %
'   :  % A 
#

# A'
# &  
 
#    
# 
 

 
 '%'  
#   

# # '
  &
 %
 '
 
# 
   
 
# %
 :
A#  
 '
  
# 
 
 
#  : "# %
 A 

2  137    
  
 I
  # #   4
 
  	

# 
   
  v(cm/s) = 5.7 × 107√ϕ(eV)  ' 
 
 

% 
 
# 
 :'  
# #   ;A
# E0 
 A A 'A
%'
'  * E 
   
 %%  
   ϕ ∼ 7 G  
# -" '
 
# 
#
 
 %'
 A
# 
# 
 
 
  p⊥D ∼ 10− 100 
# 

Journal of Nanophotonics, Vol. 4, 041665 (2010)                                                                                                                                    Page 10
Downloaded from SPIE Digital Library on 07 May 2010 to 138.48.203.174. Terms of Use:  http://spiedl.org/terms

   

'    
#
  
# 
  
#  #
0#' '  
# '%
:
 ;.<   'ie'  
# A A
b(m)nn
∂2εn
∂p2n
k2
(ω − vnk)2
∼ ω2L
(ve)
2
2k′mc2
k2
(ω − vk)2 . ;/<
A# v  
#  
 
 ' e  %2
 
  
# 
 

' '' "# %ic
 
 


  3: ;/< 
 3: ;F< ' ;)<
A  
 

 
# 
##' 
 :' 
 

 
#  
 % ' 
# 0


 
 %
 "# '%'  
# :

  
# -"  
# 
'%
'  1   '  -
 #  '   μ '
 A 
# '
 
# fle
 ic
  
# A 2 ' α = 0.99 O
  
#

#
2   A' : # # 
 '
 "#    -"  4
  
1   "# '%'  
##' 
 '
  
  
#
1   

 
 vs 
  
# 
 '
 
 
 '

%' 
 % 
 ' 1 
# # %
 
#  
 '0
%
 

 A# 
# -"  
#  
 ( μ    A##  
#  


 
# "#  
 '

 
#
 
# '%
  -"0' 137
Journal of Nanophotonics, Vol. 4, 041665 (2010)                                                                                                                                    Page 11
Downloaded from SPIE Digital Library on 07 May 2010 to 138.48.203.174. Terms of Use:  http://spiedl.org/terms
 ' %  
# 
 
   
#  "# #

 
  
# 
0

 
   %%
 
 
# 

 
 '   10μm 

  
  '
3 RETARDATION OF ELECTROMAGNETIC WAVES IN MULTI-WALL
CARBON NANOTUBES
"# 
%  % 
  π0
  	9"  '  ;c/v > 100< 
# 
#
%# 
  
# 
'' 
 
 AN 
# 
 
 ' 
 %'

 >-  
 "# 
#' ' 
 %' ''
 A 
 
# 
 
 A  ''  
# 
 A ' 
# A 
'
  
0
A -" ;9"< '  %# 9 #A 
#
 
# 

 
A 
A '

 ' ' 
  
# 
 
 A '% ' '
  
# %#


"# $M&
 :
  
# 
 %

 # 
# K(
∂2
c2∂t2
−Δ
)
Φ (r, t) = 4πρ (r, t) , ;/<
A# Φ (r, t)  
#  %

 ' ρ (r, t)  
# 
 #  '
 1 
# 
 
A'0'A A 
# :
 ω2/c2 	 k2 #' 
 "# 
# 
 '
 
#  
# 
# %
 K ∂
2Φ
c2∂t2 	 ΔΦ  
#  
# $M&
 :
  ''

 
#  :

ΔΦ(r, t) = −4πρ (r, t) , ;/<
A##  '  
# 
#  3:
 ;/<  %%
'  
# :
 ' 

# 
 #  '
K
ρ (r, t) =
∑
i
ρi (ri⊥,t) δ (r −Ri) = e
∑
i
〈
0
∣∣ψ+i (r⊥, t)ψi (r⊥, t)∣∣ 0〉i δ (r −Ri) . ;/<
= ψi (r⊥, t)  
# 
 A 
  0
# 
 A  
# ' :
20

 %

 "# 
  4%'  
  
# 
 #
 %

ρi (r⊥, t)  
A0' #  '
  0
# -" A r⊥  
A0' 
 
-" A ;r = (r, r⊥)< r  
# ' %
  r Ri  
# A '
ψi (r⊥, t) =
∑
ψ
(i)
ks (r⊥) b
(i)
ks (t) , ;//<
A# ψ(i)ks  
# 
 # A 
  
# -" b
(i)
ks  
# #
 %

 
# %' 

  0
# A k, s  
 :0
 ' '4   
' |0〉i  
#  ' 

  
# 
 
  0
# A
"# '  
# #  '
  %
 ''  
# '  
# 

' #
 %
 A##   '  
# =
  AK
H =
∑
iks
E
(i)
ks b
(i)+
ks b
(i)
ks + e
∑
i
∫
Φ (r, t)|r=Ri ψ+i (r⊥, t)ψi (r⊥, t) dr⊥. ;/E<
"# A :
 ' 
# '  
# %
   %''   
3: ;/E<K
b˙
(j)
ks (t) = −iE(j)ks b(j)ks (t)− ie
∑
k1s1j
〈ks| Φ (r, t)|r=Rj |k1s1〉j b
(j)
k1s1
,
b˙
(j)+
ks (t) = iE
(j)
ks b
(j)+
ks (t) + ie
∑
k1s1j
〈k1s1| Φ (r, t)|r=Rj |ks〉j b
(j)+
k1s1
.
;/(<
Journal of Nanophotonics, Vol. 4, 041665 (2010)                                                                                                                                    Page 12
Downloaded from SPIE Digital Library on 07 May 2010 to 138.48.203.174. Terms of Use:  http://spiedl.org/terms
"# 
  3: ;/(< A
#
 
 
 A 
 # 
# %%
 

K b(j)ks (t) = b
(j)
ks exp
{
−iE(j)ks t
}
 7
   


 b(j)ks (t) = b
(j)
ks (t) exp
{
−iE(j)ks t
}

"# 3: ;/(<   '' 

db
(j)
ks (t)
dt
= −ie
∑
k1s1
〈ks| Φ (r, t)|r=Rj |k1s1〉j bk1s1 exp
{
i
(
E
(j)
ks − E(j)k1s1
)
t
}
,
db
(j)+
ks (t)
dt
= ie
∑
k1s1
〈k1s1| Φ (r, t)|r=Rj |ks〉j b
(j)+
k1s1
exp
{
−i
(
E
(j)
ks − E(j)k1s1
)
t
}
.
;/.<
-' 
 
 ie'  3: ;/.<   %

 ' 4%' %

b
(i)
ks = b
(i0)
ks + δb
(i)
ks  A  
 %'   %%4
 
# A 4% 

# 
% 1 %
  #
 ' 
 %
K
δb
(i)
ks (ω) =
e
ω
∑
k1s1
b
(i0)
k1s1
〈ks| Φ
(
r, ω + E
(i)
ks − E(i)k1s1
)∣∣∣
r=Ri
|k1s1〉i ,
δb
(i)+
ks (ω) = −
e
ω
∑
k1s1
b
(i0)+
k1s1
〈k1s1| Φ
(
r, ω − E(i)ks + E(i)k1s1
)∣∣∣
r=Ri
|ks〉i .
;/F<
	


 3: ;/F<  
# 4% ;/<  
 #  '
 '   %%40


ρ
(i)
⊥ (r⊥, ω) = e
∑
1,2
ψ
(i)∗
k2s2
(r⊥)ψ
(i)
k1s1
(r⊥)
〈k1s1| Φ (r, ω)|r=Ri |k2s2〉i
ω + E
(i)
k2s2
− E(i)k1s1
×
〈
0
∣∣∣b(i0)+k2s2 b(i0)k2s2 − b(i0)+k1s1 b(i0)k1s1
∣∣∣ 0〉
i
.
&  
 
#  :
 ;/<   A

  
# '  
 
 
# 

%

 K
ΔΦ(r, t) = −4πe2∑
i
∑
1,2
ψ
(i)∗
k2s2
(r⊥)ψ
(i)
k1s1
(r⊥)
〈k1s1| Φ (r, ω)|r=Ri |k2s2〉i
ω + E
(i)
k2s2
− E(i)k1s1
×
〈
0
∣∣∣b(i0)+k2s2 b(i0)k2s2 − b(i0)+k1s1 b(i0)k1s1
∣∣∣ 0〉
i
δ (r −Ri)
;/)<
 3: ;/)< Ri  
# '  
# ith A  9"   
 
# '
 ' %0
 
# 1 
  :
 ;/)<  
#  
' '
 z '  
#  
ϕ A ' 3: ;/)< 
 
# A K
1
r
d
dr
(
r
dΦ (r, k, ω,m)
dr
)
−
(
k2 +
m2
r2
)
Φ (r, k, ω,m)
= −4πe2∑
i
∑
1,2
∣∣∣a(i)k2s2τ2m2
∣∣∣2 ∣∣∣a(i)k1s1τ1m1
∣∣∣2
ω + E
(i)
k2s2
− E(i)k1s1
Φ (r, k, ω,m) δ (r −Ri)
×
〈
0
∣∣∣b(i0)+k2s2 b(i0)k2s2 − b(i0)+k1s1 b(i0)k1s1
∣∣∣ 0〉
i
.
;E<
 3: ;E< {a(i)ksτm}  
# ic
  
# 4%  %' 
 #

 "# A  ' 2
#   
# 
 ' in 

 
 
#
:

k2 = k1 + τ1 − τ2 − k,
s2 = s1 +m1 −m2 −m. ;E<
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3.1 Boundary conditions and the dispersion equation for an electromagnetic
wave in a MWNT
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3.2 Dispersion equations for waves in MWNTs
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3.3 Tight-binding method for deriving the wave dispersion equation
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3.4 Estimation of wave retardation in double-wall nanotubes and bilayer
graphene
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4 QUASI-METALLIC CARBON NANOTUBES AS TERAHERTZ EMITTERS
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